NaI r with a mini-Tn5 insertion in the bvrS and bvrR genes respectively. The bvrR 107 mutant transformed with the bvrR encoding plasmid pBBR2.13 generated the 108 reconstituted strain B. abortus bvrR pbvrR + (31). B. abortus strains were grown in 109 tryptic soy broth (TSB) and Escherichia coli BL21 was grown on Luria Bertani (LB) 110 or 2XYT medium supplemented with 50 µg/ml ampicillin or 30 µg/ml 111 cloramphenicol when required. 112
Expression of the VirB promoter by β-Galactosidase assay. To analyze 113
the direct effect of BvrR on the transcription of the VirB promoter (P VirB ) a β-114 galactosidase transcriptional fusion approach was used (9). Briefly, E. coli strain 115 BL21 (lacZ+) was transformed with plasmid pSURS2 (P VirB -lacZ, Cm 
. 117
Non-transformed E. coli BL-21 or transformed only with pSURS2 were used as 118 control. The expression of BvrR by the bacteria transformed with plasmid 119 pBBR2.13 was confirmed by Western Blotting. Bacteria were grown to logarithmic 120 6 growth phase in the presence of the corresponding antibiotics. The β-galactosidase 121 activity was determined and expressed in Miller Units as previously described (12) . 122
VirB5 mRNA quantitation by real time PCR. For RNA extraction 123 bacterial cultures were adjusted to 10 9 CFU/ml and disrupted with 0.5% Zwittergent 124 3-16 at 37ºC for 1 h. Total RNA was extracted using RNeasy Midi Kit (Qiagen, Co.) 125 according to the manufacturer's instructions. Eluted RNA was treated with Ambion 126
Turbo DNAse following the robust protocol. RNA samples were retrotranscribed 127 using Applied Biosystems high capacity cDNA kit and random primers. Serial 128 dilutions of each cDNA from 8 to 0.5 ng were used for virB5 amplification with 129 primers: 5'GAGCGGCGGCTACCT3´ and 5'GCAAAAGCCAGGTATACGATCC3' 130 along with TaqMan probe: 5´AAACGGCCAACCTCTTAC3' or primers: 131 5´GCTGTCCAAGCTTCTCGAAGA3' and 5´CCGGCAGCAGCAACAG3' together 132 with TaqMan probe: 5´TTCGGCTGCTGCTCCG3´ amplifying the 50S ribosomal 133 protein L7/L12 gene used as endogenous control and 2X TaqMan universal PCR 134 kit according to the manufacturer´s instructions. Non-template controls contained 135 water instead of cDNA and genomic DNA contamination controls contained non 136 retro-transcribed RNA. All samples were run in triplicates using standard conditions 137 on an Applied Biosystems 7500 real time PCR machine. Data analysis was carried 138 out as described (24) . 139
Purification of fusion proteins and generation of antibodies. BvrR 140
was expressed as a GST tag fusion protein using vector pGEX-2KT (GE 141 Healthcare). Cloning and purification of the GST fusion protein was done according 142 to the manufacturer´s instructions. Briefly, a PCR product from B. abortus genomic 143 DNA encoding bvrR was obtained using the following primers: 5'-144 7 GGTCCGCGAATTCATATGAAGGAAGCTTC-3' and 5'-145 GCGGCAGATCGAATTCCTTACGCTTC-3', containing an EcoRI restriction site. 146
Vector and PCR product were digested, ligated, and transformed into E. coli BL21-147 competent cells for propagation of the generated plasmid, pGEX-2KT-BvrR. 148
Expression of GST-BvrR was achieved by growing E. coli BL21 harboring pGEX-149 2KT-BvrR in 2-fold YT medium with aeration at 37 o C to mid exponential growth 150 phase (A 600 nm=0.5). Cultures were then induced with 0.1 mM IPTG at 30 o C for 2 151 h. Bacteria were collected by centrifugation at 7700 X g, resuspended in 152 phosphate-buffered saline (PBS) and lysed by sonication. After centrifugation at 153 12000 X g, the supernatant was incubated with glutathione-Sepharose beads (GE 154 Healthcare) for 2 h at room temperature. Beads were washed twice with PBS, and 155
GST-BvrR was eluted with 10 mM glutathione (Sigma, Co.). The PCR products were purified using QIAquick PCR Purification Kit (Qiagen, 193 Co.). The biotynilated amplicons were coupled to steptavidin-sepharose beads (GE 194 Healthcare). Briefly, the beads were washed twice in wash buffer (10 replication phase (29), the growth curves of the strains used in this study were 214 carefully analyzed. Brucella was inoculated at a density of 5 x 10 9 CFU in TSB and 215 10 reached significantly higher absorbances than the bvrR and bvrS mutants (Fig. 1) . 217
The B. abortus bvrR pbvrR + strain reached absorbances similar to those displayed 218 by the parental B. abortus 2308 (Fig. 1) . In spite of the absorbance differences, all 219 the strains entered the different phases of the growth curve at approximately the 220 same time. The logarithmic phase started between 16 and 18 h and the late 221 logarithmic phase occurred between 24 and 26 h. After this time all the strains 222 were clearly in stationary phase (Fig. 1) . These curves were used to take samples 223 in order to analyze the expression of the T4SS VirB and the transcription regulator 224
VjbR. 225

T4SS VirB proteins are diminished in TCS BvrRS mutants. In order 226
to determine if the absence of a functional TCS BvrRS influences the expression of 227 the VirB operon, the different strains were grown to early and late growth phase 228 and samples tested accordingly. These samples were probed by Western blotting 229 with antibodies against VirB1, VirB5, VirB8 and VirB9. At early logarithmic phase, 230 these proteins were nearly absent in B. abortus 2308 and in the B. abortus bvrR 231 and B. abortus bvrS mutants ( Fig. 2A) . Interestingly, all of them were detected in 232 lysates from the B. abortus bvrR pbvrR + strain ( Fig. 2A) . At late logarithmic phase 233 the four proteins were detected in B. abortus 2308 lysates in agreement with 234 previous reports (10, 29). In contrast, VirB1, VirB5, VirB8 and VirB9 were clearly 235 diminished in lysates from B. abortus bvrR and B. abortus bvrS mutants (Fig. 2B) . 236
Again, lysates from the reconstituted B. abortus bvrR pbvrR + strain showed levels 237 of VirB proteins equal or higher than B. abortus 2308 (Fig. 2B) . In order to correlate 238 these results to the level of expression of the TCS BvrRS the lysates were probed 239 with anti BvrR antibodies. These antibodies recognized a conspicuous band 240 11 corresponding to BvrR in B. abortus 2308 lysates. This band was severely 241 diminished in lysates from B. abortus bvrS mutant and completely absent, as 242 expected, in lysates from B. abortus bvrR mutant (Fig. 2C) . On the other hand, 243
BvrR was overexpressed in the B. abortus bvrR pbvrR + strain demonstrating that 244 the complementation was functional (Fig. 2C) . Anti-Omp19 antibodies were used 245 as loading control, while anti-Omp25 (also known as Omp3a) antibodies were used 246 to corroborate the previously reported phenotype of these strains (Fig. 2C) disappearing for the rest of the experiment (31 h) (Fig. 2D) . In the B. abortus bvrR 254 pbvrR + strain on the other hand, VirB8 was already detected at 22 h, reached a 255 maximum expression at 23 h and then maintained a fairly constant level until the 256 end of the experiment well into stationary phase (Fig. 2D) . Similar results were 257 obtained when the lysates were probed with the anti-VirB5 antibody (data not 258 shown). An analysis of BvrR expression on the same samples indicated that this 259 protein is present in B. abortus 2308 throughout the growth curve with a maximum 260 expression a late logarithmic phase (Fig. 2D) dramatic increase in the expression of this gene, reaching a peak at 24 h (Fig. 3) . 272
In the bvrS mutant the levels remained low until the 24 h point where a moderate 273 increase was detected. At this point, the bvrS mutant contained 5 times less virB5 274 transcript than B. abortus 2308. 275
The transcriptional regulator VjbR is diminished in the TCS BvrRS 276
mutants. It has been shown that the transcriptional regulator VjbR is directly 277
involved in the regulation of the T4SS VirB (2, 9, 10). Thus, the level of this protein 278 in the context of the BvrRS mutants was determined. For this, we raised polyclonal 279 antibodies against purified VjbR that recognized a single band in B. abortus 2308 280 lysates of the molecular weight expected for this protein. We then analyzed the 281
expression of VjbR in lysates of B. abortus 2308 and the TCS BvrRS mutants. 282
Samples were collected at early logarithmic growth phase when VjbR has been 283 reported to achieve its maximum expression (10). While there was a clear band 284 detected in B. abortus 2308, this band was absent in the B. abortus bvrR and B. 285 abortus bvrS mutants (Fig. 4A) . VjbR was reconstituted to normal level in the B. 286 abortus bvrR pbvrR + strain (Fig. 4A) phase at 16 h, it reached maximum expression at 20 h and then the level 290 diminished but was still detectable (Fig. 4B) . In B. abortus bvrR pbvrR + the VjbR 291 expression pattern followed a similar dynamic with a slight increase at some time 292 points with respect to the parental B. abortus 2308 (Fig. 4B ). Under these 293 conditions, VjbR was not detected in the B. abortus bvrR mutant (Fig. 4B) . 294
BvrR binds directly the VirB promoter. The possibility that the 295 transcription of the T4SS VirB could be under the direct control of the TCS BvrRS 296 or through the indirect effect mediated by VjbR, was investigated by a promoter 297 pull down approach. The region encoding the VirB promoter was amplified using 298 biotinylated primers and the PCR product was coupled to streptavidin-sepharose 299 beads. These beads were incubated with B. abortus 2308 whole lysates or a 300 suspension of purified BvrR and the pulled down proteins were analyzed by 301 Western blotting. BvrR was detected in the pull down experiment when the lysate 302 was incubated with Streptavidine-sepharose beads coated with the VirB promoter 303 region; in contrast, BvrR was absent when the lysate was incubated with 304
Streptavidine-sepharose beads loaded with a biotynilated amplicon comprising the 305 promoter region of the operon dhbCEBA (negative control) (1) (Fig. 5A) . The 306 biotynilated VirB probe, but not the dhbCEBA probe, was able to bind VjbR 307 (positive control) using this pull down experiment thus confirming the approach 308 (Fig. 5A ). To further demonstrate, from a functional perspective, a direct interaction 309 between BvrR and the VirB promoter we used a strategy that demonstrated the 310 role of VjbR on the transcription of this T4SS (9). The E. coli BL21 strain was 311 transformed with a plasmid encoding bvrR (pBBR2.13), a plasmid containing the 312 14 VirB promoter fused to lacZ (pSURS2) or both. By Western blotting we confirmed 313 that the E. coli strains transformed with pBBR2.13 expressed BvrR indicating an 314 appropriate transcription of the TCS in this heterologous setting (Fig. 5B) . Under 315 these conditions, the β-galactosidase activity, driven by the VirB promoter, was 316 significantly enhanced by the presence of BvrR (Fig. 5C) . The direct induction of 317 the VirB promoter in E. coli by VjbR (9) or BvrR (this report) indicates that the 318 system is able to use the transcriptional machinery of the heterologous host. This 319 is in contrast to the expression of Agrobacterium tumefasciens virulence genes in 320 E. coli. These genes, in addition to the TCS VirA/VirG, also required the A. 321 tumefasciens rpoA gene encoding the α subunit of the RNA polymerase (17)(18). 322
The regulation of VirB expression by Brucella is a complex process both 323 in bacteriological cultures and within cells. in cultures, VirB proteins and transcripts 324 are only transiently detected at the late logarithmic phase (10, 29), whereas within 325 cells, the VirB expression seems to be restricted to the first hours of infection (28) . 326
This restricted window of expression is probably the reason why no differences in 327
VirB levels were detected in previous proteomic and transcription comparative 328 studies between wild type B. abortus and the TCS BvrRS mutants (12, 15, 33) . 
